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Edited by Richard CogdellAbstract The photosynthetic proteins RuBiSCO, ferredoxin I
and ferredoxin NADP+-oxidoreductase (pFNR) were eﬃciently
imported into isolated pea chloroplasts but not into pea root
plastids. By contrast non-photosynthetic ferredoxin III and
heterotrophic FNR (hFNR) were eﬃciently imported into both
isolated chloroplasts and root plastids. Chimeric ferredoxin I/
III (transit peptide of ferredoxin I attached to the mature region
of ferredoxin III) only imported into chloroplasts. Ferredoxin
III/I (transit peptide of ferredoxin III attached to the mature
region of ferredoxin I) imported into both chloroplasts and root
plastids. This suggests that import depends on speciﬁc interac-
tions between the transit peptide and the translocon apparatus.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Plant cells contain a diverse family of organelles collectively
called plastids, all of which originate from a single progenitor,
the proplastid. Depending on the plant tissue and on environ-
mental cues, proplastids diﬀerentiate into photosynthetic and
several non-photosynthetic plastids [1]. Most of the proteins
required for proplastid diﬀerentiation are encoded in the nu-
cleus and synthesized as higher molecular weight precursors
with an N-terminal transit peptide that speciﬁcally interacts
with membrane protein complexes (translocons) prior to trans-
location across the envelope and cleavage in the stroma. Chlo-
roplasts contain two translocon complexes, one in the outer
membrane, Toc (translocon at the outer chloroplast mem-Abbreviations: Ch, chloroplast; pre, the precursor or preprotein; FdI,
ferredoxin I; FdIII, ferredoxin III; hFNR, heterotrophic ferredoxin
NADP+-oxidoreductase; pFNR, photosynthetic ferredoxin NADP+-
oxidoreductase; SSu, small subunit of RuBisCO; PAGE, poly-
acrylamide gel electrophoresis; RubisCO, ribulose-bisphosphate
carboxylase/oxygenase; RP, root plastid; SDS, sodium dodecyl
sulphate; Tic, translocon at the inner chloroplast membrane; Toc,
translocon at the outer chloroplast membrane
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doi:10.1016/j.febslet.2006.10.057brane), and the second in the inner membrane, Tic (translocon
at the inner chloroplast membrane) [2,3]. Four Toc translo-
cons, the two GTP-binding proteins Toc159 and Toc34 [4–6],
the translocation channel Toc75 [7,8], and Toc64 [9], have
been characterised so far. Several Tic proteins, Tic110,
Tic62, Tic55, Tic40, Tic22 and Tic20, have also been identiﬁed
[2,3].
The original observations that the transit peptides of diﬀer-
ent chloroplast precursor proteins are functionally inter-
changeable led to the assumption that most proteins use a
common Tic/Toc translocon via a ‘‘general import pathway’’
[10]. However, although some precursors import equally well
into diﬀerent plastids, other precursor proteins were preferen-
tially imported into a speciﬁc plastid type [11]. Arabidopsis
contains four homologs of Toc159 designated as atToc159, at-
Toc132, atToc120, and atToc90 [12,13]. Molecular-genetic
studies of Arabidopsis Toc159 homologs, indicated that at-
Toc159 might preferentially be involved in importing a set
of photosynthetic proteins and atToc132 and atToc120 a set
of non-photosynthetic proteins [14]. Similarly Toc34 has two
homologs in Arabidopsis (atToc34 and atToc33), which have
diﬀerent aﬃnities for chloroplast precursor proteins [15].
Studies of an Arabidopsis mutant lacking atToc33, suggest
that atToc33 might be preferentially involved in the import
of a set of photosynthetic proteins and atToc34 a set of
non-photosynthetic proteins [16]. Clearly diﬀerent protein
import pathways across the chloroplast outer envelope mem-
brane exist. These pathways appear to utilize similar Toc com-
plexes equipped with diﬀerent combinations of homologous
GTPase receptors to provide precursor recognition speciﬁcity
[2].
In the current study, we have used in vitro translated iso-
forms of leaf and root ferredoxins (FdI and FdIII respectively)
and ferredoxin NADP+-oxidoreductase (FNR), together with
the small subunit of RuBiSCO (SSu) to investigate protein im-
port into root plastids and chloroplasts. Here we show that the
transit peptide plays a key role in the diﬀerential uptake of spe-
ciﬁc proteins into diﬀerent plastids.2. Material and methods
2.1. Plant material
Root plastids and chloroplasts were prepared from Pisum sativum
(cv. Early Onward) seedlings either grown in the dark for 7 days [17]
or a 12 h photoperiod for 10–12 days [18] respectively. Protein was
determined based on the method of Bradford [19].blished by Elsevier B.V. All rights reserved.
Fig. 1. Conﬁrmation of import competence of isolated root plastids
and chloroplasts from peas. Intact root plastids were incubated
within vitro synthesized pre-FdIII (A) and intact chloroplasts were
incubated with in vitro synthesized pSSu (B) or pre-FdI (C) as
described in Section 2. Proteins were re-isolated and recovered proteins
from protease treated (+) or untreated () plastids were analysed by
SDS–PAGE. TP, translation product.
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The recombinant plasmids of pre-FdI [20], pre-FdIII [20], FdI/III,
FdIII/I [21], and pre-SSu [22] were in vitro transcribed and translated
using a TNT Coupled Transcription/Translation System with wheat
germ extract (Promega) in the presence of [35S]-cysteine (>1000 Ci/
mmol, Amersham). An NcoI restriction enzyme site was introduced
between the transit peptide and mature protein of pre-FdI and pre-
FdIII. Primers were designed to allow the transit peptide and NcoI
restriction site to be ampliﬁed. Chimeric constructs were then prepared
by fusing the transit peptide of FdI with the mature protein of FdIII
[FdI/III, 21] or the transit peptide of FdIII with the mature protein
of FdI [FdIII/FdI, 21]. The pre-hFNR was isolated from the original
plasmid [23] by PCR using a forward primer with a BamHI adaptor
and a reverse primer with an EcoRI adaptor and directly inserted into
the pSP64 Poly(A) vector digested with both BamHI and EcoRI. Pre-
hFNR and pre-pFNR [24] were in vitro transcribed and translated
using a TNT Coupled Transcription/Translation System with rabbit
reticulocyte lysate (Promega) in the presence of [35S]-cysteine (>1000
Ci/mmol, MP Biomedicals).
The import reaction consisted of precursor protein (10 ll translation
mix diluted to 100 ll with 5 mM HEPES-KOH, pH 7.5), 10 mM Mg-
ATP, plastids equivalent to 500 lg protein, and 1·HSM (50 mM
HEPES, pH 7.5, 330 mM sorbitol, 10 mM methionine) making a ﬁnal
volume of 350 ll. All protein import assays were carried out under
light illumination (although eﬃciency of root plastid import was
unaﬀected by the presence or absence of light). Import assays of
in vitro synthesized proteins were performed at 25 C for 20 min and
protease sensitivity of reaction products was determined with
0.5 mg ml1thermolysin [18]. The plastids were reisolated from both
protease treated and untreated import fractions by centrifugation at
13000 · g for 30 s. The resulting plastids were lysed by resuspension
in 400 ll of water and incubated on ice for 45–60 min [18]. Following
centrifugation for 10 min at 13000 · g, the supernatant containing the
stromal proteins was precipitated with an equal volume of ice cold 20%
(w/v) TCA and washed with 80% (v/v) acetone and air dried. Transla-
tion products and samples from import assays were dissolved in 2% (w/
v) SDS loading buﬀer and separated on 10–15% SDS–polyacrylamide
gels (SDS–PAGE) [25]. Gels were dried and exposed to X-ray ﬁlm (Sig-
ma, Kodak) at 80 C for 2–5 days or phosphorimage ﬁlm (Raytech)
at room temperature for 2–4 days. All experiments were repeated with
independent plastid preparations at least ﬁve times and representative
gels are presented. In all cases translation products were run on gels
with import products to allow clear identiﬁcation of the precursor
and mature protein. The size of the precursor and mature proteins
were conﬁrmed by comparison with molecular weight standards to
have similar mobility on SDS–PAGE to the authentic proteins, at
approximately 25 and 21 kDa for pre-Fd and Fd; 21 and 14 kDa for
pSSu and SSu; and 40 and 34 kDa for pre-FNR and FNR). For clarity
only phosphoimages of the import assays are presented and the posi-
tion of the mature protein indicated with an arrow. The activity of
the protease was conﬁrmed by its ability to degrade the translation
products in a control assay.Fig. 2. In vitro protein import of FdI, FdIII and chimeric ferredoxins
into isolated chloroplasts (Ch) and root plastids (RP) from peas. Intact
plastids were incubated within vitro synthesized pre-FdI (A), pre-FdIII
(B), pre-FdI/III (C) or pre-FdIII/I (D), as described in Section 2.
Plastids were re-isolated and recovered proteins from protease treated
(+) or untreated () plastids were analysed by SDS–PAGE.3. Results
Ferredoxin I is expressed in leaves where it is involved in
electron transport from photosystem I and the reduction of
NADP+. By contrast FdIII is expressed predominantly in
roots [26] and is reduced by NADPH generated via the oxida-
tive pentose phosphate pathway to support processes such as
nitrogen assimilation [17]. We initially conﬁrmed that the root
plastids and chloroplasts were import competent by incubating
the root plastids with the precursors of FdIII (Fig. 1A) and the
chloroplasts separately with the precursors of SSu (Fig. 1B)
and FdI (Fig. 1C) synthesized by in vitro transcription or
translation and analysing by SDS–PAGE the polypeptides
recovered with the root plastids or chloroplasts (Fig. 1). The
mature FdIII, SSu and FdI were all partly protease resistant
conﬁrming that they were imported into the speciﬁc plastids
(Fig. 1). This also serves to demonstrate that the translationproducts were import competent. FdI was imported extremely
eﬃciently into the chloroplasts meaning that it was diﬃcult to
see the unprocessed band even in the absence of protease. The
inclusion of the translation product conﬁrms the presence of
the precursor and mature polypeptide (Fig. 1C).
The ability of chloroplasts and root plastids to import pre-
cursors of these two Fd isoforms was examined. Both pre-
FdI and pre-FdIII were imported into chloroplasts and the
products of import were protease protected (Fig. 2). Root plas-
Fig. 3. In vitro protein import of the Small Subunit of RuBisCO
(pSSu) into isolated chloroplasts (Ch) and root plastids (RP) from
peas. Intact plastids were incubated within vitro synthesized pSSu as
described in Section 2. Plastids were re-isolated and recovered proteins
from protease treated (+) or untreated () plastids were analysed by
SDS–PAGE.
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form (Fig. 2B). The product of import was again protease pro-
tected conﬁrming that not only was the translation product
import competent, but that the root plastids contained a func-
tional translocon. By contrast, preparations of root plastids
were not able to import and process pre-FdI to a form that
was protease insensitive. Similarly another nuclear encoded
chloroplast protein, the small subunit of Rubisco (SSu), was
shown to be import-competent in chloroplasts (Fig. 3). How-
ever, when pre-SSu was incubated with root plastids, there
was no indication of the mature subunit being processed and
imported even in the absence of protease treatment.
Ferredoxin NADP+-oxidoreductase, an enzyme that cata-
lyzes the reversible electron transfer between NADP(H) and
electron carrier proteins such as ferredoxin and ﬂavodoxin, is
distributed in photosynthetic (pFNR) [24] and non-photosyn-
thetic organs (hFNR) in higher plants [23]. Pre-pFNR was
imported into chloroplasts and the product of import was pro-
tease protected (Fig. 4A). However, the root plastids were not
able to import and process pre-pFNR. By contrast, pre-hFNR
was imported into both chloroplasts and root plastids and the
mature polypeptides were protected from proteolytic cleavage
(Fig. 4B).
Chimeras, in which the transit peptides of each pre-Fd were
respectively swapped to the mature sequence of the other, were
used in subsequent import assays. The translation product
FdI/III, containing the transit peptide of FdI and the mature
sequence of FdIII, was readily imported into chloroplasts,
and the product of import was protease protected (Fig. 2C).Fig. 4. In vitro protein import of leaf ferredoxin-NADP+ reductase
(pre-pFNR) and root ferredoxin-NADP+ oxidoreductase (pre-hFNR)
into isolated chloroplasts (Ch) and root plastids (RP) from peas. Intact
plastids were incubated with in vitro synthesized pre-pFNR (A) or pre-
hFNR (B) as described in Section 2. Plastids were re-isolated and
recovered proteins from protease treated (+) or untreated () plastids
were analysed by SDS–PAGE.However, this was not true when the same translation product
was incubated with root plastids. The FdIII/I, containing the
transit peptide of FdIII and the mature sequence of FdI, was
imported and processed and the mature polypeptide was pro-
tected from proteolytic cleavage, in both chloroplasts and root
plastids (Fig. 2D).4. Discussion
Plastids undertake speciﬁc functions in diﬀerent tissues or
cells, which requires the import of about 2000 diﬀerent nuclear
encoded proteins from the cytosol. Although the process of
plastid diﬀerentiation is regulated primarily by transcription
and translation of diﬀerent proteins in diﬀerent tissues, the po-
tential for regulation by a plastid protein import machinery
which is selective should not be overlooked [2,3].
The import assay results presented in this paper are consis-
tent with the operation of more than one import pathway
for nuclear encoded proteins being translocated into plastids.
Pea chloroplasts were able to import a set of proteins indepen-
dent of whether they are normally expressed in roots or leaves
(Figs. 2–4). Root plastids, on the other hand, were only able to
import precursors of root-expressed FdIII and hFNR.
Studies of the import of chimeric ferredoxins reinforce the
view that information is contained within the transit peptide
which selects for diﬀerent translocon pathways. The observa-
tions that FdI/III was imported only into chloroplasts and
not root plastids, in a manner similar to native FdI and that
FdIII/I was imported into both chloroplasts and root plastids,
in the same way as native FdIII reinforces this point. These re-
sults conﬁrm that import of nuclear encoded proteins into
plastids depends on speciﬁc interactions between the transit
peptide and the translocon apparatus and suggests that chloro-
plasts have at least two distinct protein import pathways [2,3].
One of these appears to be responsible for the import of a set
of non-photosynthetic proteins and may also represent a un-
ique protein import pathway for proteins entering the root
plastids. Furthermore the results with Fd chimeric precursors
imply that the information required to distinguish between dif-
ferent import pathways resides in the transit peptide.
Co-immunoprecipitation experiments with solubilised chlo-
roplast membranes have previously indicated preferential
interaction of atToc159 with atToc33 and atToc132/120 with
atToc34 [27]. From results presented here it may be hypothe-
sized that it is speciﬁc features of the transit peptide interacting
with individual members of the Toc 159 and/or Toc34 family
which give rise to the import pattern observed. The high
expression in the roots of atToc132, atToc120 [28] and at-
Toc34 [15], seems indicative of some speciﬁcity associated with
the import of non-photosynthetic proteins [2,3,16,27,29]. Fur-
thermore, in vitro binding assays have shown that photosyn-
thetic FNR had a preference for atToc33 [30]. The results
reported here, on pFNRimport into chloroplasts, indicate that
the transit peptide is responsible for this speciﬁcity and are
consistent with the proposal that the transit peptide is interact-
ing with the Toc33 pathway. It is also tempting to propose that
precursors of FdIII and hFNR interact with Toc34 more so
than Toc33.
The data presented in this paper provides important evi-
dence that information within the transit peptide is necessary
for speciﬁc proteins to be targeted to the correct plastid type.
6512 X. Yan et al. / FEBS Letters 580 (2006) 6509–6512We have focussed on comparing import into chloroplasts and
root plastids. However, whether the translocons responsible
for import of diﬀerent precursors can reside in the same plastid
or are found in sub-populations of plastids is not yet clear.
Whilst most chloroplast preparations will be derived from
mesophyll cells, there are likely to be other plastid-types pres-
ent, including those from non-photosynthetic cells, within the
whole leaf tissue extract [30]. Arabidopsis plants which are mu-
tated in atToc159 or atToc33 mutants have defective plastids
in mesophyll cells but the plastids in the root and guard cells
function normally [31]. This observation is consistent with
the notion that while root plastids are able to function nor-
mally, the chloroplasts are not, because they contain a diﬀer-
ent/additional pathway which is speciﬁc for leaf proteins
synthesized in the light.Acknowledgement: This work was supported in part by funding from
The University of Manchester, the Royal Society, and the BBSRC
(Grant P15823).References
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